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Fructose determinationLaccase and borate–fructose complex were investigated by coincidence in a solid-state fermentation
of Edenia sp. TS-76 under fructose oxidase screening. Laccase was purified to homogeneity with a
34-fold purification and 32% yield. Fructose had no significant effect on laccase activity, whereas
borate reduced laccase activity by 60–90%; conversely, the borate–fructose complex increased
laccase activity by nearly fourfold at pH 7.5. The complex caused a shift in the optimal pH for laccase
from 5.0 to 7.5 and served as a highly efficient mediator. Borate complexed with fructose provides
an alternative, time-saving, and specific method for serum fructose determination.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Therefore, appropriate mediator selection plays a critical role inLaccase (EC 1.10.3.2), a phenoloxidase secreted by various
plants, controls the degradation and formation of lignin in nature
by oxidizing monolignols, naturally occurring phenol family and
widely distributed in fungi [27,13,26], bacteria [9], insects [10],
and algae [22]. It catalyzes one-electron oxidation of substrates,
particularly phenolic derivatives [11,2], to their corresponding
radicals.
Laccase substrate specificity has increased since the first use of
2,20-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) in
laccase systems, in which either phenolic or non-phenolic lignin
model compounds are oxidized by laccase [5]. The oxidation range
can be expanded by these mediators acting as electron carriers
between laccase and target compounds. Once the mediator is
oxidized by laccase, it can move from the enzyme’s active site
and oxidize target compounds that are not substrates for laccase.expanding laccase application. Several studies confirmed that lac-
case oxidizes non-phenolic aromatic, large molecular, or high
redox potential substrates in the presence of suitable mediators.
Most mediators are phenolic or nitrogen-based heterocyclic com-
pounds [8]. The broad substrate specificity and oxygen utilization
as an electron donor instead of hydrogen peroxide make laccase
a promising candidate as a green catalyst for several applications.
Interest in this enzyme for use in kraft processes, organic synthesis,
renewable bioenergy industries, and other potential fields is
growing.
Regarding global obesity epidemic etiology, a causal role of the
increased fructose consumption was proposed [6]. Fructose intake
effect in the form of sucrose or high-fructose corn syrup on carbo-
hydrate metabolism and blood sugar levels have become increas-
ingly important. Currently, fructose is indirectly determined
using commercial assay kits (Sigma–Aldrich FA20; Abcam
ab83380) requiring multi-enzymatic reactions and coenzymes.
Although fructose oxidation can be specifically catalyzed by
fructose 5-dehydrogenase accompanied by dye reduction, fructose
5-dehydrogenase is a membrane-bound enzyme that is difficult to
purify to homogeneity.
OH groups of several glycosides can be oxidized by the laccase
mediator system (LMS) of Trametes pubescens using TEMPO [4,20]
or other components such as AZADO [30] as mediators. However,
to date, no research has evaluated glycoside effect on laccase or
its mediator system. We propose a new LMS for ABTS oxidation
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a well-known condensation reaction between boric acid and
polyalcohol; it serves as a mediator between laccase and ABTS,
the most commonly used colorimetric reagent for assaying laccase
activity. This LMS illustrated the possibility of a novel primary
mediator between laccase and ABTS, providing a new strategy for
quantitative analysis.
Here, laccase was purified from Edenia sp. TS-76 and character-
ized. We also described the effect of borate–fructose complexes on
this laccase and its possible utility for the quantitative fructose
determination.
2. Materials and methods
2.1. Chemicals
Fractogel DEAE-650M and HW-55 gel filtration resins were
purchased from Merck (Darmstadt, Germany). Molecular weight
standards were obtained from Pharmacia LKB Biotechnology
(Piscataway, NJ). Toyopearl Phenyl-650M and Toyopearl MX-Trp-
650M were purchased from Toyo Soda Manufacturing (Tokyo,
Japan). Ultragel-HA was acquired from IBF Biotechnics (Pairs,
France). Protein assay dye was obtained from Bio-Rad Laboratories
(Richmond, CA). Other chemicals were of analytic reagent grade.
2.2. Microorganisms and culture conditions
The fungal strain TS-76 was isolated from the soil and identified
as an Edenia species. The organism was maintained on YM agar
slants (1% glucose, 0.5% peptone, 0.3% malt extract, and 0.3% yeast
extract) at 30 C. For enzyme production, the organism was grown
in 1-L flasks, each containing 100 g of wheat bran supplemented
with 100-ml water. After 5–7 days of cultivation at 30 C, the entire
culture was used for enzyme preparation.
2.3. Protein assay
Protein concentrations were determined by the Bradford
method using bovine serum albumin as a standard. Protein assay
reagents were purchased from Bio-Rad. Protein purity was deter-
mined by SDS–PAGE on 12.5% acrylamide slabs using a modified
Laemmli buffer system [15]. Coomassie brilliant blue R-250 was
used for staining.
2.4. Enzyme assay
Laccase activity was determined by monitoring ABTS oxidation
at 420 nm. The assay was performed by mixing ABTS (10 mM,
100 ll), borate buffer (10 mM, pH 7.5, 700 ll), fructose (400 mM,
200 ll), and suitably diluted enzyme in 1-ml cuvettes. The initial
absorbance changes of ABTS (e = 36 mM1 cm1) were used to
calculate the initial reaction rate t. One-unit enzyme activity was
defined as the amount of laccase that oxidized 1 lmol ABTS per
min at 30 C. Alternatively, oxidase activity was determined using
the peroxidase-chromogen method. An enzyme aliquot was
incubated at 30 C in 1 ml of 50 mM Tris–HCl buffer (pH 7.8)
containing 2% fructose, 2 units of peroxidase, 0.1 mM
4-aminoantipyrin (4-AA), and 1 mM phenol. Optical density was
followed at 500 nm for 3 min. One-unit enzyme activity was
defined as the amount of laccase that oxidized 1 lmol H2O2 per
min at 30 C.
2.5. Enzyme purification
A typical purification scheme was used, with all operations per-
formed at 4 C. To prepare the crude extract, TS-76 (100 g) wheatbran culture was soaked in 1 L of 20 mM borate buffer (pH 9.5, buf-
fer A) with 0.1% Triton X-100 for 30 min and squeezed through a
fine-mesh cloth. The aqueous extract was then centrifuged at
9000g for 30 min to remove particles. The clarified aqueous
extract (800 ml) was brought to 20% saturation with ammonium
sulfate; the precipitate was removed by centrifugation. Ammo-
nium sulfate was added to the supernatant to 90% saturation.
The resulting precipitate was collected by centrifugation and
dissolved in a minimal volume of buffer A. The enzyme solution
was dialyzed overnight against the same buffer at 4 C.
The dialyzed 20–90% ammonium sulfate fraction (200 ml) was
applied to liquid chromatography in the order of a Fractogel
DEAE-650M column (2.5  30 cm), Toyopearl Phenyl-650M
column (2.5  15 cm), Toyopearl MX-Trp-650M column (1.5  15
cm), Fractogel HW-50 column (2.5  115 cm), and Ultragel-HA
column (2.5  15 cm) (sMethod 1). The active fractions were
pooled and stored at 20 C.
2.6. General procedure for cyclic voltammetry studies
The working electrode was Pt; the reference electrode was 3 M
NaCl(aq), and the auxiliary electrode was Pt wire. The cyclic voltam-
metry machine was a CH Instrument Model 600D series. Under
argon, substrate (0.025 M) and LiClO4 (0.1 M) were dissolved in
48-ml anhydrous methanol; the resulting solution was divided
into four vials. Each vial was separately measured five times at a
0.025-VS1 scan rate.
2.7. Quantitative analysis of fructose by the laccase-BF system and
DNS
Fructose determination was performed by mixing ABTS
(10 mM, 100 ll), borate buffer (10 mM pH 7.5, 700 ll), and
suitably diluted enzyme in 1-ml cuvettes containing 0–100 mM
fructose. The reaction mixture was measured spectrophotometri-
cally at 420 nm. Fructose (0–100 mM) was analyzed alternatively
after adding 1 ml dinitrosalicylic acid reagent [21], after which
the mixture was boiled for 10 min and chilled. The resulting reduc-
ing sugar adduct was measured spectrophotometrically at 540 nm.
3. Results
3.1. Microorganism screening and enzyme purification
Laccase produced by Edenia sp. TS-76 was purified to homo-
geneity with a 34-fold purification and 32% yield (sTable 1). It
was resolved as a single 73-kDa by SDS–PAGE (sFig. 1).
3.2. ABTS oxidation by laccase rather than fructose oxidase
First, the peroxidase-chromogen method was used to screen the
fructose oxidase of TS-76 using fructose as substrate. Oxidase
activity determined by spectrophotometry following 4-AA
oxidation was feasible; however, no remarkable differences were
observed with or without fructose (data not shown). This
substrate-independent finding indicates that the oxidase activity
was attributable to an oxidase that oxidizes phenol or 4-AA rather
than fructose. The oxidation activity toward phenolic substrates
was further attributed to a phenol oxidase using a typical ABTS
method. Additionally, an unexpected enzyme activity increase
was noticed in the presence of both fructose and borate, an alkaline
buffer for enzyme extract. This is the first report on effects of
borate, fructose, or both existing as a borate–fructose complex
self-assembled via a well-known condensation reaction on laccase
activity.
Fig. 2. Effects of borate (j), fructose (N), or both (.) on laccase activity against
concentration of ABTS at pH7.5. Experimental data without any additive (d) were
fitted to the Michaelis–Menten equation to give the solid lines of fit where Vmax and
Km values are 0.35 lM s1 and 195 lM, respectively. Other kinetic parameters are
shown in Table1.
Table 1
Kinetic parameters of laccase against ABTS in the present of borate, fructose, or both
at pH7.5.
Vmax (lM s1) Km (lM) Vmax/Km
ABTS alone 0.35 195 0.00178
ABTS w/borate 0.16 986 0.00017
ABTS w/fructose 0.32 132 0.00239
ABTS w/BF complex 0.63 52 0.01207
C.-Y. Cheng et al. / FEBS Letters 589 (2015) 3107–3112 31093.3. Effect of borate–fructose complexes on the pH-activity laccase
profile
The effects of borate, fructose, or both on pH-activity profiles
over a pH of 4.5–10.0 determined using ABTS are shown in Fig. 1.
Without an additive, the purified enzyme activities peaked when
the pH approached 5.0; they dramatically decreased at higher pH
values. In the presence of fructose or borate, the pH profiles
displayed the same tendency, despite inhibition by borate. These
data indicated that laccase prefers to react under acidity unless
both fructose and borate are added. In the presence of fructose
and borate, the pH-activity profile shifted to higher pH values with
an optimal 7.5 pH. It is believed that the condensation between
fructose and borate not only eliminates laccase inhibition by
borate but also restores laccase activity at neutral pH.
3.4. Effect of borate–fructose complexes on the kinetic analysis of ABTS
Laccase was found to follow simple Michaelis–Menten kinetics,
with no substrate inhibition for ABTS observed, as shown in Fig. 2.
The lack of significant effects of fructose addition on enzyme
kinetic and the inhibitory effects of borate were consistent with
the pH-activity profiles. In these two cases, ABTS is directly oxi-
dized. Conversely, the addition of both borate and fructose
enhanced Vmax by twofold and decreased Km by fourfold as shown
in Table 1. However, no significant sigmoidal kinetic curve
illustrated positive cooperative binding. Explicitly, no evidence
indicated that the borate–fructose complex is an allosteric effector;
additional experiments on the detailed mechanism are required.
3.5. Borate–fructose complex, a new laccase system mediator
To obtain more specific insight into the role of borate–fructose
complexes, the course of ABTS oxidation was demonstrated
following laccase and borate–fructose complexes preincubation.
As shown in Fig. 3, the initial oxidation rate was higher with
preincubation, implying that something other than laccase oxidize
ABTS and produce a more rapid increase in the product signal.
When laccase was removed by filtration or inhibited by Hg2+,Fig. 1. Effect of pH and buffers on laccase activity under the influence of borate and
fructose. The activity of laccase was assessed without fructose (dash line and white
symbols) under the standard condition using the following buffers (50 mM):
CH3COOH–CH3COONa (pH 4.5–5.5) (h), KH2PO4–NaHPO4 (pH 5.5–7.0) (4), Tris–
HCl (pH 7.0–9.0) (5), and Na2CO3–NaHCO3 (pH 9.0–10.0) (}). The influence of
fructose (solid line and black symbols) on laccase activity was determined under
the standard condition using the following buffers (50 mM): CH3COOH–CH3COONa
(pH 4.5–5.5) (j), KH2PO4–NaHPO4 (pH 5.5–7.0) (N), Tris–HCl (pH 7.0–9.0) (.), and
Na2CO3–NaHCO3 (pH 9.0–10.0) (r). The influence of borate was evaluated under
various pHs of borate buffer (pH 5.0–10.0; 50 mM) in the presence (d) or absence
(s) of fructose. The experiment RSD (relative average deviation) was about 5%.the preincubation mixture continued to oxidize ABTS. Borate–fruc-
tose complex reduction potential was lower than ABTS (+0.148
and +0.468 V vs. Ag/AgCl, respectively; sFig. 2). These findings sug-
gest that borate–fructose complex was oxidized by laccase, and its
oxidized form oxidized ABTS, as shown in Scheme 1. This is the
first glycoside used as a mediator for laccase, and a laccase-BF sys-
tem (laccase–borate–fructose complex) was established by laccase
revalued in the presence of fructose and borate.
3.6. Temperature and pH effect on laccase-BF system stability and
activity
Laccase-BF system thermal stability was assessed by maintain-
ing a suitable amount of enzyme at various temperatures in borateFig. 3. Time course of ABTS oxidation by fresh laccase (d) or following preincu-
bation with the borate–fructose complex (j). Following preincubation with laccase,
borate (pH 7.5, 10 mM, 700 ll), or fructose (400 mM, 200 ll) without ABTS for
5 min, the mixtures were transferred into ABTS solution (0.1 mM, 50 ll) for
OD420nm monitoring for 10 min.
Fig. 4. Correlation between the laccase and DNS methods for fructose determina-
tion. The x- and y-axes show the given OD changes as determined independently by
the laccase and DNS methods. A remarkable correlation between these two
methods was observed (y = 0.917x, r2 = 0.974).
Scheme 1. Proposed mechanism of borate–fructose complex as a mediator for
ABTS oxidation. The borate–fructose complex is first oxidized by laccase with the
concomitant four-electron reduction of oxygen to water, after which it oxidizes
ABTS as an electron carrier between laccase and ABTS. Consequently, the change of
OD420nm caused by oxidized ABTS is highly related to the concentration of fructose,
providing a new strategy for the quantitative analysis of fructose.
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activity by the ABTS method in the presence of borate and fructose.
The enzyme was stable below 40 C for 60 min; the optimal tem-
perature of the catalytic reaction was between 40 C and 50 C
(sFig. 3).
The pH stability was investigated after incubation at various pH
values for 60 min (sFig. 4). Purified laccase was stable (>75%
activity remaining) over the pH of 4.5–9.0. However, the enzyme
activities determined in the presence of borate and various pH buf-
fer systems depended on borate and buffer concentrations.
Although the pH stability was high over a pH of 4.5–9.0, the puri-
fied enzyme exhibited optimum activities when the pH value
approached 5.0 or 7.5, signifying that the optimum laccase activity
pH is substrate dependent.
3.7. Effects of glycosides and metal ions on the laccase-BF system
Regarding the prominent diversity of laccase’s substrate speci-
ficity, the glycoside mediator specificity was examined. Because a
good mediator should be a good substrate, and fructose alone
has no influence on enzyme activity, complexation between fruc-
tose and borate is critical for laccase activity. Therefore, several
common hexoses and disaccharides were examined for their
influence on enzyme activity in the presence of borate as
shown in Table 2. Two to threefold activity enhancement was
observed for D-fructose, D-sorbitol, and D-mannitol. Concerning
borate-mediated inhibition, laccase activity in the presence of
D-galactose and D-glucose was equal to that in the absence ofTable 2
Effects of glycosides and metal ions on the laccase-BF system.
Buffer Glycoside (400 mM)
Tris–HCl (50 mM, pH 7.5) –
Borate (10 mM, pH 7.5) –
Borate (10 mM, pH 7.5) D-Fructose
D-Sorbitol
D-Mannitol
D-Galactose
D-Glucose
D-Glycerol
D-Lactose
D-Maltose
D-Sucrose
Borate (10 mM, pH 7.5) D-Fructoseborate, suggesting that these glycosides protect laccase against
borate-mediated inhibition by removing it through condensation.
D-Maltose and D-sucrose did not improve enzyme activity. Namely,
when fructose exists, the enzyme reaction would be dominated by
mediator effect; otherwise there would be no-effect or borate-
inhibition on laccase.
Metal ion effects on activity were also examined in the presence
of borate and fructose. Among the metal ions tested, Hg2+ was the
strongest inhibitor; most metal ions reduced activity by 60–80% at
low concentrations (1 mM, Table 2).
3.8. Fructose quantitative analysis using the laccase-BF system
Fructose concentration effect on laccase activity in the presence
of borate showed a strong linear relationship below 50 mM and the
system was further used for fructose quantitative analysis. Two
comparative studies were performed using the DNS method, which
was used for reducing sugar determination and laccase activity
analysis in the presence of borate. Fig. 4 shows a high correlation
(r2 = 0.97) between these two methods, although the average value
obtained by laccase was 84% of that of the DNS method. OpposedMetal ion (1 mM) Relative activity (%)
– 40
– 10
– 100
84
83
30
26
8
6
1
0
CuSO4 50
ZnCl2 43
CaCl2 42
MgCl2 42
NiCl2 38
BaCl2 36
FeCl2 23
HgCl2 0
EDTA 47
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DNS method, the enzyme method was performed under mild
conditions using a time-saving process, proving its utility as an
alternative method for fructose determination.4. Discussion
Under a screening program for sugar oxidase, solid-state
fermentation and the peroxidase-chromogen method are routinely
available for assaying oxidase activity in our laboratory.
Glucooligosaccharide oxidase from Acremonium strictum T1 [18],
glycerol oxidase from Penicillium TS-625 [17], and cellooligosaccha-
ride oxidase from Sarocladium oryzae F-137 [16] were obtained in
this screening program. In these assays, oxidase activity is
determined by spectrophotometrically following continuous 4-AA
reduction. However, the presence of oxidase activity is maskable
when the reduced substrate/product is immediately reoxidized by
interfering with the activity of enzymes such as laccase [3].
Accidentally, the laccase-producing strain Edenia sp. TS-76 was
obtained in a wheat bran solid-state fermentation; it severely
hampered fructose oxidase screening via oxidizing phenol, another
reagent in the peroxidase-chromogen method. Consequently, fruc-
tose and borate condensation, which were used as a substrate and
a pH buffer (pH 9.5), respectively, occurred, and activated laccase
at neutral pH.
The laccase from this fungus is purified and characterized for
first time. Just as ordinary fungal laccase, it consists of 515–619
amino acid residues (about 50–80kDa), responds similar to several
inhibitors including EDTA, Hg2+, Cu2+ and azide, and prefers an
acidic condition for catalyzing ABTS with pH optima between pH
3–5 [19]. Because ABTS and laccase are stable over the pH of
4.5–9.0, the pH profiles clarify the reaction laccase or borate–fruc-
tose complex statuses. Laccase’s bell-shaped pH profile was caused
by two opposing effects [29]: redox potential difference between
the substrate and laccase and laccase inhibition by hydroxide
anion. Here, the optimal pH shifted from 5.0 to 7.5 in the presence
of borate and fructose. This was caused by several factors including
aforementioned factors and alkali-favored borate and fructose con-
densation [1]. At higher pH, borate prefers to be condensed as a
borate–fructose complex, which could be a substrate for laccase.
Conversely, at lower pH, borate alone inhibits the enzyme. This
offers clear evidence that a proper substrate was critical for laccase
activity under various pH conditions. This was consistent with a
shift in the optimal pH of laccase caused by different substrates [7].
Borate reduced laccase activity by 60–90% in a concentration-
dependent manner. Borate inhibition is also discovered in several
enzyme including tyrosinase, alcohol dehydrogenase, and
gamma-glutamyl transpeptidase via interaction with substrate
[12], cofactor [23] and enzyme itself [25], respectively. When
borate inhibition was eliminated by adding glycosides, laccase
activities were found to follow the order of the stability constant
of the borate complex partner as follows [1]: D-fructose >
D-sorbitol > D-mannitol > D-galactose > D-glucose. Namely, enzyme
activity increased with larger stability constants. It is speculated
that glycosides eliminated the inhibition by borate-alcohol
condensation due to complex stability and their higher affinity
for borate versus the enzyme. However, since the complication of
dose-dependent borate inhibition, additional experiments are
needed to clarify the speculation. Specifically, fructose enhances
laccase activity more than an eliminator does. One possible expla-
nation is that the condensation between borate and fructose
results in a six-membered heterocyclic compound [14] (sFig. 5),
which is similar to phenol, the natural laccase substrate, suggest-
ing that the most important role of the borate–fructose complex
is serving as a good substrate for laccase instead of an eliminator.Once oxidized by laccase, the complex oxidizes ABTS as a medi-
ator as shown in Scheme 1. The mechanism regarding the laccase
activity enhancement by the borate–fructose complex is likely
due to the first electron transfer reaction step, the rate-limiting
oxidation step by laccases [28], in two ways. The borate–fructose
complex exhibited lower reduction potential than ABTS and
provided a hydrogen buffer on laccase activity. The lower boric
acid pKa due to condensation with fructose [24] is another impor-
tant factor promoting faster oxidation. However, the effects of the
borate–fructose complex on laccase presently remain unexplored.
The laccase-BF system was preliminarily applied for fructose
determination. Although the laccase method is not entirely specific
for fructose, fructose can be distinguished from glucose and galac-
tose, two other important blood sugars, or several common sugars.
Due to its greater convenience than other systems described in the
Introduction, this method can provide a good reference for further
fructose determination studies in blood specimens.
Therefore, the borate–fructose complex is proposed as a poten-
tial mediator in LMSs because of its low cost, lack of toxicity, and
highly efficient effects on enzyme activity. Additional experiments
are needed to clarify the detailed mechanism. Laccase application
has been extended with the borate–fructose complex as a new
approach for fructose quantitative analysis.
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